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Abstract

One of the largest uncertainties in simulations of climate change over the industrial period is
the impact ofanthropogenic aerosols ¢ime Earth’s radiation budget. Much of this uncertainty
arises fromthe limited capabilityfor either precisely linkingorrecursor gases tbe formation and
size distribution of theaerosols omuantitativelydescribing the existingevels of global aerosol
loading. This projecbuilds on our aerosol anchemistry expertise taddresseach of these
uncertainties in a more quantitative fashion than is currently possible.

With the currentLDRD support, we are in therocess toimplement anaerosol
microphysics module intmur global chemistry model to more fundamentally asmnpletely
describe thgrocesseshat determine thelistribution of atmospheric aerosoldJsing this new
modeling capability, in conjunctiowith the most current version of NCABIimate model, wewill
examine the influence of these processes on aerosol direct and indirect climate forcing.

1. Introduction

Observations of global temperature records seem to showdessng than predictions of
global warming brought on by increasing concentrations gf&1@ other greenhouse gases. One
of the reasonable explanaticios this apparent inconsistency ilsat the increasing concentrations
of anthropogenic aerosols may be partially counteracting the effects of greenhouse gases.

Aerosolscan scatter oabsorbthe solar radiation, directly change the planetary albedo.
Aerosols, unlike CQ may alsdhave asignificant indirect effect by serving as cloud condensation
nuclei (CCN). Increases in CCN can result in clouds with more but smaller droplets, enhancing the
reflection of solar radiation. Aerosatlirect and indirect effects are sdrong function of the
distributions of all aerosol types atite size distribution of the aerosol guestion. However, the
large spatial and temporahriabilities in the concentration, chemical characteristics] size
distribution of aerosoldiave made it difficult to assessthe magnitude of aerosol effects on
atmospheric radiation. These variabilities in aerosol characteristics as well as their effects on clouds
are the leading sources of uncertainty in predicting future climate variation [see Figure 1].

Inventory studies have shown that the present-day anthropogenic emissions contribute more
than half of fine particlanassprimarily due to sulfate and carbonace@asosolsderived from
fossil fuel combustion and biomass burnimgnfireae 1995;Penner 1995]. Parts of ouearlier
studieshave been focused odeveloping arunderstanding of global sulfate and carbonaceous
aerosol abundances and investigating their climate efféotsahg et a.1997;Penner et a).1998;
Chuang et al.2000]. Wehavealso modeled aerosoptical properties to accourfibr changes in
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the refractiveindices with relative humidity anddry aerosol compositionGrant et al, 1999].
Moreover, we have developed parameterizations of clesjgonse to aerosabundancdor use in
global models to evaluate the importance of aerosol/cloud interactiotienaite forcing [Ghan et
al., 1993,1995; Chuang andPenner 1995]. Ourresearch habeen recognized as one of a few
studiesattempting to quantify the effects of anthropogexgcosols orclimate in thelPCC Third
Assessment RepotHCC, 2000a].

Our previousassessments of aerosimate effectswere based on a@eneral circulation
model(NCAR CCM1)fully coupled to a global tropospheric chemistry mofi@RANTOUR).
Both models,however, weradeveloped more than a decaalgo. The lack of advanceghysics
representation and techniquesour current coupled models limits dsom further exploring the
interrelationship between aerosol, cloud, and climate variation. Our objective is to move to a new era
of aerosol/cloud/climate modeling at LLNL by coupling thestadvancecchemistry andclimate
models and by incorporating an aerosol microphysics module. This modeling capabiktyalvié
us to identify and analyze theesponsible processes aerosol/cloud/climate interactions and
therefore, to improve the level of scientific understandongaerosolclimate effects. This state-of-
the-art coupled modelsill also be used to addrete relative importance of anthropogenic and
natural emissions in the spatial pattern of aerofsolateforcing in order toassesshe potential of
human induced climate change.
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Figure 1. Global, annual-mean radiative forcings (W due to a number of agents fraki@50 to

present. The height of the rectangular bar denotes a ‘mid-range’ value while its absence denotes no
best guess estimate is possiblghe vertical lineabout the rectangular bar indicatesestimate of
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2. Model development

The Atmospheric Sciences DivisigASD) hasformulated a plan to enhance and expand
our modeling expertise in aerosol/cloud/climate interactions. This lplgids on ourexperience
and strength in thisreaand move into four new areas. First, we added salfur chemistry
mechanism into théASD global chemistrymodel, IMPACT (Integrated MassivelyParallel
Atmospheric Chemicallransport). Next, we developed atMPACT aerosolversion with a
simplified sulfur chemistry togetherwith other non-sulfate aerosol specidsr use in
chemistry/climate coupling.Third, we will implement anaerosol microphysics module into the
IMPACT aerosolversion to include the importaprocesses of aerosol dynamié¢snally, this
chemistry-aerosol modelill be linked to themost current version of NCARECM allowing
detailed simulations of cloud cycles.

IMPACT, currentlydriven by the assimilated meteorologiahdta, is anEulerian global
chemistry model thatontains both a prognostic stratosphere and troposphere. Previously the
model was applied to global ozone calculations. It is currently being expanded to include the
chemistry necessary samulate thesulfur cycle. IMPACT usesadvancedechniques tdreat the
chemicaland physical processe3hese techniques include a chemistry equation sei@h is
capable of highlyaccuratesolutions to both stiff and non-stiff sets of ordinadifferential
equations Jacobson 1995], an up-stream-biased monotonic grid point schiemée advection
[Lin and Rood 1996], and animproved algorithmfor dry deposition Wang et al. 1997].
IMPACT also contains a more highly defined boundager than previous chemistry models and
its spatial resolution allows for analysis of regional to global ssalees. IMPACTcanrun on a
variety of platforms, including massively parallebmputers. Thebility to compute on parallel
machines will greatly advance our throughout capabilities.

Livermore isunique tohave afull chemistry modelwith interactive ozone andsulfur
chemistry. However, a fast IMPACT versiaith sulfur chemistry togethewith other non-sulfate
aerosol species is required folimate study in comparisorthe simulatedclimate response to
aerosolswith the 20-year period ofatellite observations. Therefore, we are developing a special
IMPACT aerosol version by not only adding species of orgeaibon, black carbomust and sea
salt but alsousing the monthly averages @H, HO, and Q in chemicalreactions ofsulfur
compounds. This aerosol version is faster than the full chemistry version by a factor of 10.

Since virtually all properties of atmospheric aerosols and clouds depend strongly on aerosol
size distributionthat areshaped bycomplicated nucleation, growtland coagulatiorprocesses.
These properties underlie the major roleaefosols inradiative forcing of climate. To better
represent physical properties of aerosols, we adapted an aerosol microphysics module from the
Brookhaven National Laboratory to model the spatial and temporal variatioasragol size
distribution. This module simulatéise aerosol dynamioga the quadrature method of moments
(QMOM) by tracking the moments of an aerosol size distribution in spacdirmadMcGraw,
1997;Wright et al, 2000]. For a size distributid(r) of spherical particles of radiughe k™ radial
moment is defined as

W= f ok f()dr

o 8

The QMOM employs only the low-order moments (six moméets,k = 0 - 5) to model aerosol
populations and properties. The QMOM offsignificant advantages nonly for efficiently and
correctly incorporating aerosprocesses iglobal models but alstor its better representation of
aerosol optical properties that are essential to assess the radiative forcing.



After implementing the aerosol microphysics module th® IMPACT, wewill couple the
chemistry-aerosol model to thmost current version ofhe communityclimate model (CCM)
developed aNCAR (National Centefor Atmospheric Research). Thidimate model contains
prognostic cloudvariables allowing more realistisimulations of aerosol effects on clouds.
Moreover, itincorporates an optional slab mixed-layer ocean/thermodynamic sea-ice component
able to predict the equilibriumesponse otlimate toexternally imposed changesuch as the
concentrations of trace gases or the emission rates of various geemsokors. The structure of
our proposed state-of-the-art coupled models is presented in Figure 2. clouplead models, the
IMPACT treatsthe global-scale transport, transformation, aechoval of aerosols and aerosol
precursorswhich sourcesare providedthrough emissionsgnventories, whereas thaerosol
microphysics module tracethe evolution of moment$or each aerosol components. The
chemistry/aerosol model provides aerosol characteristidgriate modelfor use incomputing the
radiative forcing, which inurn provideshe meteorological fieldthat drive thechemistry/aerosol
model. The most unique featureaifr coupled models is the capability to simulate whaations
of aerosol size distribution. This capability will allow us to address the aeankativeforcing on
a much more solid foundation than previous studies that prescribed aerosol size distributions.
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Figure 2. Structure of the proposed state-of-the-art coupled models.

3. Progress to date
(a) Validation of full chemistry version with in-situ data

In order to compare to the available data from field measurements, we IMPRET full
chemistry versionfor a time period overlappedvith the NASA SONEX (SSAS Ozone and
Nitrogen Oxide Experiment) projectSONEX project measurethe tracespecies in theupper
troposphere and lower stratosphere by flights of DC-8. Figure 3 gshevemmparison ofmodel
simulated sulfate with those measured from flight number 6 (flight track from Shannon south to 32
N) on October 20, 1997. Measuremeaits presented as 10-minateerageand model is in one-
hour time step. Dashed line shows the mean of observations along thedtilghnd thewidth of
the shadedarearepresents one standaddviation aboveand below the mean. While the data
exhibit large temporal and spatiriations, the model is able to capture tistatisticsaverage.
Figure 3indicates that the simulated concentrations competewith observed means and are
within observedstandarddeviations. SincéMPACT usesmonthly averagecemissions databases
and its resolution is large compared to small-seagability, simulations are incapable of
reproducing the high degree of variability along the flight path.
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Figure 3. Comparison ahe simulated SO by IMPACT full chemistryversion with those
measured from the NASA SONEX project.

(b) Comparison of aerosol version with full chemistry version

An efficient but accurateaerosol model is thdirst requirement tostudy the aerosol
climatology where simulations over 10-40 years are necessary. In Figure 3 we demihasttiate
IMPACT full chemistryversion canwell represent the statistics @face species, therefore, we
validate the accuracy of tliast aerosol versiowith thefull chemistry version. Figure 4 presents
the concentrations afanuary SQ SO,~, and HO, at sigma leved.971 from the full chemistry
(left panel) and fronthe fast aerosol version (right panell.he maximumregionsare consistent
and the general features are similar in these two versions. However, we notice that the concentration
of H,0O, is significant lower in the aerosol version. This reduces the reaction, o¥ithaH,0, and
results in a higher concentration of S&nhd alower concentration of SOin the aerosol version.
The low HO, is mainly attributed to the use tife monthlyaveraged HQthat fails to account for
the significant diurnalariation of HQ [see Figure5], whereas the production of .8, is
quadratically dependent on HQHO, + HO, —> HO, + O,). Nevertheless, the,B, production
can be improved by applying a correction factor as following.

[dtP(H,0,) =  [dtk[HO,]?
24 hrs 24 hrs

g, I t[HOz]g Oyt [HO, 1%/ (fdt [HO,])

:k[HTZ]a

where the overbar denotes the daily average, k is the rate cdostdr@ production of HO, from
HO,, anda is the correction factoderivedfrom the species correlation.Figure 6 shows the
magnitude ofx calculated from LLNL2-D boxmodel Kinnison andConnell 1996]. A look-up
table fora as a function ofatitude, altitudeandtime will be incorporated into the aerosatrsion,
and we will continue to validate the accuracy of the updadedsol versionvith the full chemistry
version.
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Figure 4. Comparison of the global distributions of January SQ-, and HO, at sigma
level 0.971 from the fast aerosol version with those from the full chemistry version.
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(c) Validation of aerosol version with surface measurements

Sulfate (ug m-3)

Sulfate (ug m-3)

We compared the modeésults fromthe aerosol version teurface measurements at a
number of remote oceaitesthat werepart of a larger ocean network operated lgr@up at the
University of Miami JArimoto et al. 1995;Savoie et al.1993]. Sampleare collected by drawing
air through large area filters at a flow rate of abouf inim*. Most sites are located at coastal sites
on the climatological windwarghore of islands ocontinental coastlines. The aerosizta are
presented at monthly means of at lesesteralyears ofdataand in some cases almost 20 years of
data. Comparisons of model-predicted seasonal surface concentratiotas radn-seasalt sulfate
to measurements at Bermuda, Fanning Island, and Palmer Statsimane in Figure 7. Most of
the simulated concentrations andgthin one deviation of the mean of the measurements, but
discrepancies do existich as athe Palmer station. Wwill examine the oceasource of DMS
and the mechanism to convert DMS to sulfate to look for the possible explanation.

10

0.8

0.6

0.4

0.2

0.0

T T T T T T T T T T

I Bermuda (32.3N, 64.9W)

T

T

T

T

T T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct

Nov

T T T T T T T T T T

Palmer St. (64.8S, 64.1W)

2.0

T T T

o
1 1 1

Oct Nov Dec

T T T T T T T T T
Fanning Is. (3.9N, 159.3W)
15|
‘E |-
(=)
2 10}
o [ ]
kS
S k%
3 .
05} h %
o O----- O-ig.
0.0 L0 O fo T Oeeen O ) ! ! !
Jan Feb Mar Apr May Jun Jul Aug Sep
m| Observation
Simulated total nss-sulfate
----0----  Simulated anthropogenic sulfate

Jan Feb Mar Apr May Jun Jul Aug Sep Oct

Nov Dec

Figure 7. Modeled seasonal surface concentrations of nss-sulfate versus measurements at a series
of Pacific and Atlantic locations. Errtvarsare onestandarddeviation aboveandbelow the mean
of the measurements as compiled by Savoie€Paosbero[private communication, 2000].

(d) Evolution of aerosol size distribution moments

The moments of each aerosol population evolve according to the general expression

dy _ Mo

oy O

[y O

+[dllkD

F B ET Eource QT aond EF aoag ET aloud

where thesourceterm represents an influx afiew aerosol particles into the aerogmpulation,
either by nucleatiofrom the vapor or by direa@mission of particlesWhen operator-splitting is
applied and the terms treated sequentially, the resulting equations are integrated nunvehically
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variable-timestep scheme. We put this aerosol module boamodel to gain experience and
understanding. Figure 8 illustratése evolution of moments 8nd 3 in 16hours for sulfate
aerosolswith an initial log-normal size distribution {r= 0.01um, o = 2, N = 1000 cr) under
processes ohucleation, condensation, coagulati@md dry deposition. The concentrations of
SQ,(g) and HSO,(g) are set to be 1§ mol/cn? and %10™ mol/cn?, respectively. The rate
constant for OH oxidation of S@ 6x10" s*, and the concentration of sulfgteoduced in cloud

is 10" mol/cn?. Figure 8 demonstratelat nucleationprocess increasethe aerosol number
concentration, whereas coagulatiand dry depositiondecrease the totahumber. Although
condensation will not change the total number concentration, it is the mainly process responsible for
the increase of the total aerosol volume.
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Figure 8. Evolution of aerosol size distribution moments under different dynamic processes.

4. Future works

Assessments of the climate impact by atmospheric aemaplen a precise description of
aerosoloptical properties and amccurate representation of temposaasd spatial variations of
aerosol distributions. With the fully coupled NCAR CCM/LLNL IMPACT-aerosaidel, wewill
compare the simulated totaérosoloptical depths andextinction profiles tothoseretrievedfrom
satellite measuremenstich asNOAA Advanced VeryHigh ResolutionRadiometer,and EOS
detectors likeModerate Resolution Imaging Spectroradiometer. Wile validate whether our
aerosol emissiongnventories are correct anwhether our treatments of transport and
transformation are reasonable. We are interested in identifying the degree and comddemns
which modeland the observederosols demonstrate significant biases or departunesiability.

In regions with significant aerosol extinction, we will characterize the scale of spatial covariance and
the effects of such variability on radiative forcing.

It has been noticed that the patterns of climate change in response to anthropogenic aerosols
alone and inresponse tancreasedlevels of CQ alone can be added linearly to obtain the
approximateclimateresponse téthe combined forcing due @erosols and C£together Wigley,

1998]. Therefore, our second goal will be to compare the equilibrium pattern of clasptase to
the changeghat have been detectediuring the 20-year period o$atellite observations. The
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historical climate record reflects changes due to natuatiability and responses tovarious
anthropogenic and natural changes in atmospheric composition and surface conditiomsl We
examine how the pattern etirface temperature is distinct frahe forcing pattern to explore the
importance of atmospheric energy transport and the amplification by local feedback.

In order tocharacterize théuture climate variationspur second task is to performulti-
year simulations alongvith the IPCC newly developedanthropogenic emissions scenarios to
estimate the present and future projections of aerosol forcing 240t [PCC, 2000b]. Weuwill
not only calculate the climatdéorcing by bothdirect and indirect effects aderosols but also
examine the climatédeedback associatedith the presence of aerosols. bddition, we will
investigate the net radiatiiixes bythe changes of natur@missions associatedith climate
change. This work will provide us a more quantitative range for aerosol climate effects as compared
to those from greenhouse gases.
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